Context. Methanol and formaldehyde are two simple organic molecules that are ubiquitously detected in the interstellar medium. An origin in the solid phase and a subsequent nonthermal desorption into the gas phase is often invoked to explain their abundances in some of the environments where they are found. Experimental simulations under astrophysically relevant conditions have been carried out in the past four decades in order to find a suitable mechanism for that process. Aims. We explore the in situ formation and subsequent photon-induced desorption of these species, studying the UV photoprocessing of pure ethanol ice, and a more realistic binary H 2 O:CH 4 ice analog. Methods. Experimental simulations were performed in an ultra-high vacuum chamber. Pure ethanol and binary H 2 O:CH 4 ice samples deposited onto an infrared transparent window at 8 K were UV-irradiated using a microwave-discharged hydrogen flow lamp. Evidence of photochemical production of these two species and subsequent UV-photon-induced desorption into the gas phase were searched for by means of a Fourier transform infrared spectrometer and a quadrupole mass spectrometer, respectively. Results. Formation of CH 3 OH was only observed during photoprocessing of the H 2 O:CH 4 ice analog, but no photon-induced desorption was detected. Photochemical production of H 2 CO was observed in both series of experiments. Photochemidesorption of formaldehyde, i.e., photon-induced formation on the ice surface and inmediate desorption, was observed, with a yield of ∼6 x 10 −5 (molecules/incident photon) in the case of the pure ethanol ice experiments, and ∼4.4 x 10 −5 (molecules/incident photon) when the H 2 O:CH 4 ice analogs were photoprocessed. Photoprocessing of the ice analogs lead to formation of other species. Some of them were also found to desorb upon UV irradiation. Conclusions. While certain C-bearing species, in particular H 2 CO, were found to desorb upon irradiation, nonthermal desorption of CH 3 OH was not observed. So far, there is no experimental evidence of any efficient CH 3 OH desorption induced by UV photons. On the other hand, the observed photon-induced desorption of H 2 CO could account for the total formaldehyde abundance observed in the Horsehead PDR.
Introduction
More than 180 molecules have been detected to date in the interstellar medium (ISM). Simple organic molecules (hydrogenated species with just one carbon atom and another heavy element) are proposed as precursors of more complex organic species with prebiotic interest. Two of the most studied simple organic molecules are CH 3 OH and H 2 CO.
These species are found in a variety of interstellar environments, such as molecular clouds and hot cores, and in comets inside our solar system, with abundances relative to H 2 ranging from 10 −6 to 10 −9 (see, e.g., Sutton et al., 1995; Wootten et al., 1996; Ceccarelli et al., 2000; Ehrenfreund et al., 2002; Maret et al., 2004; Smith et al., 2004; Young et al., 2004; Araya et al., 2007; Leurini et al., 2010; Bergman et al., 2011; Guzmán et al., 2011 Guzmán et al., , 2013 . The origin of CH 3 OH and H 2 CO is, however, not yet fully understood. Pure gas-phase chemical models cannot always reproduce their observed abundances (Garrod et al., 2006; Geppert et al., 2006; Guzmán et al., 2011 Guzmán et al., , 2013 , and solid-phase chemistry, either on the surface of dust grains or in the ice mantles that accrete on top of them, must therefore play a role in their formation.
Methanol is present in the solid and gaseous phases of the ISM. Solid CH 3 OH has been detected in interstellar ice in dense cores with an abundance of 5 % -12 % relative to water and also in the cold envelopes around high and low-mass protostars with abundances ranging from 1% up to 30% relative to water (Dartois et al., 1999; Gibb et al., 2000 Gibb et al., , 2004 Boogert et al., 2008; Pontoppidan et al., 2008; Bottinelli et al., 2010) . Its abundance in solar system comets is lower (0.2 % -7 %, Mumma & Charnley, 2011 , and references therein). Gas-phase CH 3 OH has been detected in dense cores and photodissociation-dominated regions (PDRs) with a typical abundance of ∼10 −9 relative to H 2 (see, e.g., Bergman et al., 2011; Guzmán et al., 2011 Guzmán et al., , 2013 . This abundance is usually higher in hot cores (∼10 −7 ,Öberg et al., 2014, and references therein). In dense cores and PDRs where thermal desorption is inhibited, gas-phase models fail to reproduce the abundance of CH 3 OH. Therefore, formation of this species in the solid phase and subsequently nonthermal desorption into the gas phase needs to be invoked (Guzmán et al., 2011, 2013, and ref. therein) .
It has been proposed that CH 3 OH is formed by successive addition of H atoms to CO molecules on the surface of dust grains (Tielens & Whittet, 1997; Watanabe & Kouchi, 2002; Fuchs et al., 2009) or, alternatively, in the bulk of waterrich ices (e.g., Watanabe et al., 2003) . However, Hiraoka et al. (2002 Hiraoka et al. ( , 2005 have claimed that this formation pathway cannot be the major source of methanol in the ISM, since the reaction rates are too slow. Watanabe et al. (2007) acknowledge that the contribution of photolysis mechanisms (see below) could not be negligible in molecular clouds. Therefore, energetic processing of CO molecules in a water-ice matrix without directly involving any addition of H atoms has been proposed as an alternative source of CH 3 OH. For example, photolysis of H 2 O:CO ice analogs (Schutte et al., 1996) , proton bombardment of H 2 O:CO ices (Hudson & Moore, 1999) , or electron irradiation of H 2 O:CO:H 2 O layered ices (Yamamoto et al., 2004 ).
Equivalent formation pathways using H 2 O:CH 4 ice analogs have also been proposed for the proton bombardment (Moore & Hudson, 1998) and the electron irradiation mechanisms (Wada et al., 2006) , suggesting that the contribution of this mechanism for the formation of methanol was at least comparable to the H atom grain surface reactions. In the present work we have explored the photolysis of H 2 O:CH 4 ice analogs. Madzunkov et al. (2010) propose a completely different formation route by collision of superthermal O atoms with CH 4 molecules in a methane ice with an overcoat of CO molecules.
No UV-photon-induced desorption of CH 3 OH was observed in Cruz-Díaz et al. (in prep.) during irradiation of a pure methanol ice, in contrast to what was previously reported in Oberg et al. (2009) . The low CH 3 OH photodesorption of ≤ 1.8 × 10 −4 molecules per incident photon found in UV irradiation experiments of pure methanol ices, probably due to the likely dissociation of CH 3 OH molecules upon vacuum-UVphoton absorption, cannot account for the abundances of gasphase methanol in cold regions, and formation followed by subsequent nonthermal desorption pathways must therefore be explored as an alternative.
Formaldehyde has also been detected in both solid and gaseous phases. Solid H 2 CO has not been detected yet in dense cores (Mumma & Charnley, 2011) , but it is present with an abundance of 1 % -6 % relative to water in the cold envelopes around high-and low-mass protostars (Keane et al., 2001; Maret et al., 2004; Dartois, 2005; Boogert et al., 2008) , while its abundance is a little lower in solar system comets (0.1 -1 %, Mumma & Charnley, 2011 , and references therein). Gasphase H 2 CO is also detected in dense cores and PDRs with a similar abundance to that of methanol (see, e.g., Guzmán et al., 2011 Guzmán et al., , 2013 and in hot cores, probably after thermal evaporation of ice mantles (e.g., Wootten et al., 1996; Ceccarelli et al., 2000; Maret et al., 2004; Young et al., 2004; Araya et al., 2007) . Although pure gas-phase models have been able to reproduce the abundance of H 2 CO in dense cores, formation of this species on dust grains and subsequent (nonthermal) desorption is still needed to account for its abundance in low UV-field, illuminated PDRs (for example, the Horsehead PDR, see Guzmán et al., 2011, 2013, and references therein) .
Most of the solid-phase formation pathways proposed for H 2 CO are shared with CH 3 OH, since the former is usually an intermediate product in the formation of the latter. Formaldehyde can thus be produced by successive addition of H atoms to CO molecules (Tielens & Hagen, 1982; Hiraoka et al., 1994; Watanabe & Kouchi, 2002; Fuchs et al., 2009) . Madzunkov et al. (2009) report a similar formation route of H 2 CO by collision of superthermal H atoms with CO molecules on a gold surface. Alternatively, photolysis (Schutte et al., 1996) , proton bombardment (Hudson & Moore, 1999) , and electron irradiation (Yamamoto et al., 2004 ) of H 2 O:CO ice analogs have reported the formation of H 2 CO as an intermediate product in the formation of methanol. Moore & Hudson (1998) and Wada et al. (2006) studied the proton bombardment and electron irradiation of H 2 O:CH 4 ice analogs, respectively. Photolysis of these binary ice samples is studied in the present work, as mentioned above. Formaldehyde can also be produced from UV or soft X-ray irradiation of pure methanol ices (Öberg et al., 2009; Ciaravella et al., 2010, respectively) . Collision of superthermal O atoms with CH 4 molecules also leads to the formation of H 2 CO according to Madzunkov et al. (2010) .
Nonthermal desorption from pure formaldehyde ices has not yet been reported, but a behavior similar to that of pure methanol irradiation can be expected. Nonthermal desorption of molecules in cold regions can be induced by UV photons, cosmic rays, or exothermic chemical reactions (products formed in the surface of dust grains can immediately desorb due to the exothermicity of the reaction, Garrod et al., 2007; Hocuk & Cazaux, 2015) . Experimental simulations dedicated to photoprocessing of ice analogs under astrophysically relevant conditions have revealed that UV-photon-induced desorption can take place through two different main mechanisms (see also Martín-Doménech et al., 2015; Cruz-Díaz et al., in prep., and ref. therein) .
Photodesorption itself is an indirect desorption induced by electronic transitions (DIET) process where the energy provided by a UV photon to a molecule in the subsurface region of the ice is subsequently redistributed to surface molecules, which are able to break the intermolecular bonds and desorb into the gas phase (Rakhovskaia et al., 1995; Öberg et al., 2007; Muñoz Caro et al., 2010; Fayolle et al., 2011; Bertin et al., , 2013 . In this case, the desorbing molecules do not have to belong to the same species as the molecules absorbing the UV photons. Fillion et al. (2014) distinguish between DIET photodesorption, when both the absorbing and desorbing molecules belong to the same species, and indirect DIET photodesorption, when the molecule absorbing the UV photon is different from the molecule finally desorbing. In this paper the term DIET photodesorption is used to refer to both cases. This process therefore depends on both the composition and UV absorption spectra of the subsurface ice layers and the intermolecular bonds of molecules on the ice surface. Photochemidesorption, on the other hand, is the desorption of excited photofragments or photoproducts right after their formation on the surface of the ice (Martín-Doménech et al., 2015; Cruz-Díaz et al., in prep.) , including non-DIET desorption processes previously reported in Fayolle et al. (2013) and Fillion et al. (2014) . This mechanism allows UV-photon-induced desorption of species that are not able to photodesorb significantly by irradiation of the pure ices (e.g., CH 4 produced during CH 3 OH irradiation, Cruz-Díaz et al., in prep.) .
In the present work we have explored new UV-inducedformation pathways and subsequent desorption for CH 3 OH and H 2 CO. On one hand, we have followed a top-down approach, studying the UV photodissociation of a pure ethanol ice (solid C 2 H 5 OH has been proposed as one of the possible carriers of the 7.24 µm ice band, Schutte et al., 1999; Öberg et al., 2011) . A bottom-up approach is represented by a more realistic binary H 2 O:CH 4 ice analog, following the experiments already mentioned in this section. This paper is organized as follows. Section 2 describes the experimental simulations performed. The results are presented in Sect. 3 . The astrophysical implications are elucidated in Sect. 4, and the conclusions are summarized in Sect. 5. 'Hendecourt & Allamandola (1986) . e From Schutte et al. (1996) 
Experimental
The experimental simulations have been performed using the InterStellar Astrochemistry Chamber (ISAC) at the Centro de Astrobiología . The ISAC setup consists in an ultra-high-vacuum (UHV) chamber with a base pressure of about 4 x 10 −11 mbar, similar to what is found in dense cloud interiors. Pure ethanol ices were grown by deposition of C 2 H 5 OH vapor onto a diamond window at 8 K, achieved by means of a closed-cycle helium cryostat. At this temperature, ices are deposited as amorphous solids. We used C 2 H 5 OH (liquid, 99.9%) in this series of experiments. Binary ice analogs were grown in the interior of the chamber by simultaneous deposition of H 2 O vapor and CH 4 gas onto the same substrate at 8K. The isotopolog 13 CH 4 was used in similar experiments to confirm the results. The chemical components used in this series of experiments were H 2 O (liquid, triply distilled), CH 4 (gas, Praxair 99.95%), and 13 CH 4 (gas, Cambridge Isotope Laboratories 99.9%).
Ice samples were UV-irradiated using an F-type microwavedischarged hydrogen flow lamp (MDHL) from Opthos Instruments with a VUV-flux of ≈ 2 × 10 14 photons cm
at the sample position, measured by CO 2 → CO actinometry . The size of the region irradiated by the lamp coincides with the size of the susbtrate. The spectrum of the MDHL is similar to the secondary UV field of dense cloud interiors calculated by Gredel et al. (1989) and also to the diffuse interstellar UV field (Jenniskens et al., 1993; Muñoz Caro & Schutte, 2003) , as well as to the far-UV field of emission/reflection nebulae (France et al., 2005) . It has been characterized previously by Chen et al. (2010 Chen et al. ( , 2014 . More information can be found in Cruz-Díaz et al. (2014) , where a description of the vacuum-ultraviolet (VUV) spectrophotometer used in our setup to monitor the VUV flux is provided. The mean photon energy is 8.6 eV. A MgF 2 window is used as interface between the lamp and the chamber, leading to a cutoff at ∼114 nm (10.81 eV). The ice samples were monitored by in situ Fourier-transform infrared (FTIR) transmittance spectroscopy after deposition and after every irradiation period, using a Bruker Vertex 70 spectrometer equipped with a deuterated triglycine sulfate detector (DTGS). The IR spectra were collected with a spectral resolution of 2 -4 cm −1 (most spectra were subsequently smoothed). Column densities of selected species in the ice were calculated from the IR spectra using the formula
where N is the column density in molecules cm −2 , τ ν the optical depth of the absorption band, and A the band strength in cm molecule −1 , as derived from laboratory experiments (Table 1 ). Band strengths in Table 1 were measured for pure amorphous ices execpt for ethanol. The same values are usually adopted in ice mixtures, which introduces an uncertainty of about 20-30% (d 'Hendecourt & Allamandola, 1986) . In the case of ethanol, the band strength in Table 1 was measured in a mixture with amorphous water ice at T <20 K (Moore & Hudson, 1998) . Using this value in a pure amorphous ethanol ice introduces a similar uncertainty than that mentioned above.
A Pfeiffer Prisma quadrupole mass spectrometer (QMS) of a mass spectral range from 1 to 200 amu with a Channeltron detector was used to detect molecules in the gas phase. The QMS ionizes gas-phase molecules with ∼ 70 eV electron bombardment, leading to fragmentation of the molecules with a given pattern. The species potentially desorbing into the phase were preferably monitored through their main mass fragment, which does not always coincide with the molecular ion. In some cases the main mass fragment of a given species was common to a mass fragment of another species (see, for example, Figs. 1 and 2 for the mass spectrum of ethanol and methanol, respectively, in our setup). When possible, alternative mass fragments were used in those cases (see Table 2 ). Fragments in Table 2 were also used in the experiments with the isotopically labeled molecules, but mass fragments with 13 C were 1 amu higher. There were two exceptions:
13 CH 4 was monitored through the mass fragment m/z=15, which corresponds to the 13 CH + 2 fragment, and 13 CH 3 OH was monitored through the mass fragment m/z=33, which corresponds to the molecular ion.
The targeted molecules of this work were CH 3 OH and H 2 CO. Methanol was monitored through its main mass fragment, m/z=31. However, in the irradiation experiments of pure C 2 H 5 OH ice, m/z=31 was common to the main mass fragment of the ethanol molecules. The rest of mass fragments with a reasonable abundance, according to Fig. 2 (m/z=29, m/z=32, m/z=15, m/z=28, and m/z=30), were also common to H 2 CO, O 2 , CH 4 , CO, and H 2 CO molecules, respectively. Therefore, CH 3 OH could not be unambiguously detected in the gas phase in that series of experiments. The main mass fragment of H 2 CO is m/z=29, which was common to ethanol, methanol, and ethane (see below). Ethanol molecules could contribute in the first series of experiments with up to a 20% of the total m/z=29 signal, according to the mass spectrum of this molecule in Fig. 2 , since the level of the m/z=31 signal (likely coming from ethanol, as explained below) was found to be comparable to the m/z=29 mass fragment. Contribution from methanol molecules during the first series of experiments was not likely, since the behavior of the m/z=31 signal follows that of the m/z=45 signal, and it was therefore coming from ethanol molecules. Methanol was not detected in the gas phase in the second series of experiments. Contribution from ethane molecules could not be completely discarded during the first series of experiments, though. Although the second most abundant fragment (m/z=30) was used to double-check the detection formaldehyde molecules in the gas phase, contribution of ethane molecules to this fragment could not be discarded either in the first series of experiments.
Calibration of our QMS allows conversion from integrated ion currents into photon-induced desorbed column densities, using the equation
where N(mol) is the total number of photon-induced desorbed molecules cm −2 , A(m/z) the integrated area below the QMS signal of a given mass fragment m/z during photon-induced desorption, k CO is the proportionality constant between the integrated ion current and the column density of desorbed molecules in the case of a pure CO ice, as shown by (3) with k QMS the proportionality constant independent of the species. The constant k CO is regularly calculated with pure CO ice irradiation experiments. Parameter σ + (mol) is the ionization cross section for the first ionization of the species of interest and the incident electron energy of the mass spectrometer; I F (z) is the ionization factor, that is, the fraction of ionized molecules with charge z; F F (m) the fragmentation factor, that is, the fraction of molecules of the isotopolog of interest leading to a fragment of mass m in the mass spectrometer; and S (m/z) the sensitivity of the QMS to the mass fragment (m/z). In practice, we work with the product k * QMS · S (m/z) (k * QMS indicates that pressure units are used instead of column density units), since the ratio S (m/z)/S (28) is the same as the ratio k * QMS ·S (m/z)/k * QMS ·S (28). Sensitivity of the QMS is also probed regularly, using noble gases. Calibration of the QMS is detailed in Martín-Doménech et al. (2015) .
Equations 2 and 3 assume that the pumping speed in the ISAC setup is the same for all molecules, so that k QMS does not depend on the species (see Martín-Doménech et al., 2015) . In fact, the pumping speed depends on the molecular mass and, to a lesser extent, on the molecular structure (Kaiser et al., 1995) . Constant k QMS in equation 3 thus corresponds to the pumping speed of CO molecules. Therefore, N(mol) calculated with equation 2 is only valid if the pumping speed of a specific species is the same as for CO. Taking the different pumping speeds into account, the real number of photon-induced desorbed molecules would be
with N calc (mol) the column density calculated with eq. 2, and S rel (mol) the relative pumping speed with respect to the CO molecules. According to the manufacturer of the pumping devices used in the ISAC setup, the relative pumping speed with respect to CO of a species with molecular mass M(mol) is
Photon-induced desorption yields can be subsequently calculated by dividing N real (mol) by the fluence (the product of the VUV-flux and the irradiation time).
A small rise in the signal of several mass fragments was detected every time the UV lamp was switched on. This effect has been previously reported in other works (see, e.g., Loeffler et al., 2005) , but it was not reproducible so was difficult to quantify. When comparable to the rise produced by photon-induced desorption of molecules from the ice during the first series of experiments, calculated desorption yields were considered upper limits.
At the end of the experimental simulations, ice samples were warmed up to room temperature using a LakeShore Model 331 temperature controller, until a complete sublimation was attained. A silicon diode temperature sensor located close to the ice substrate was used, reaching a sensitivity of about 0.1 K. The IR spectra of the solid sample were collected every five minutes during warm-up. At the same time, all the desorbing species, including the components of the ice analogs and the products of the photochemical reactions, were detected by the QMS mentioned above.
Experimental results and discussion
3.1. UV photoprocessing of a pure C 2 H 5 OH ice Table 3 presents the two experiments performed involving UV photoprocessing of a pure C 2 H 5 OH ice. The production of new species due to the energetic processing of the ice samples is studied in Sect. 3.1.1 by means of IR spectroscopy and mass spectrometry (during temperature-programmed desorption (TPD) of the ice sample at the end of the experiment). Photon-induced desorption of the photoproducts is studied in Sect. 3.1.2 by means of mass spectrometry. 3.1.1. Photon-induced chemistry of pure C 2 H 5 OH ice An IR spectrum of the ice sample was collected after every irradiation interval to monitor the ice composition in the two experiments. Figure 3 shows the evolution of the mid-IR spectrum (between 3800 cm −1 and 750 cm −1 ) of the ice sample in experiment 2. Similar results were found during experiment 1.
The IR spectrum of the ice sample is dominated by the C 2 H 5 OH features between 3600 cm −1 and 2650 cm −1 (Fig. 3a) , 1580 cm −1 and 1230 cm −1 (Fig. 3c) , and 1120 cm −1 and 860 cm −1 (Fig. 3d) . New IR features appearing as the result of the UV photoprocessing of the ice samples were assigned to the formation of photoproducts. These assignments could be subsequently confirmed by monitoring the corresponding mass fragment during the TPD carried out at the end of the experiments. Figure 4 shows TPD spectra of selected mass fragments at the end of experiment 2. Results were similar during experiment 1.
The C 2 H 5 OH column density was best monitored with the IR band peaking at 1048 cm −1 shown in Fig. 3d . The intensity of this band gradually decreases with continuing irradiation, and ∼80% of the initial ethanol was either photodissociated or, to a lesser extent, photodesorbed after a total fluence of 7.2 ×10 17 photons cm −2 in the two experiments (see Table 3 ). A similar behavior is seen for the other C 2 H 5 OH features in Figs. 3a, 3c, and 3d.
Photodissociation of C 2 H 5 OH triggered a complex photochemical network whose complete study is beyond the scope of this work. No evidence of CH 3 OH formation was found during irradiation of the ice samples. In particular, the C-O stretching mode of CH 3 OH that should appear at ∼1016 cm −1 in a relatively clean region of the spectrum is not detected in Fig. 3d . Formation of CH 3 OH in an extent below the sensitivity limit of our FTIR spectrometer is rejected since no desorption peak is detected with the more sensitive QMS for the m/z=31 mass fragment at the desorption temperature of methanol (∼145 K according to Martín-Doménech et al., 2014, see Fig. 4c ). On the other hand, a new IR band is clearly detected at 1715 cm −1 in Fig. 3c , due to the C=O stretching mode of a carbonyl group, reaching its maximum intensity after 31 minutes of irradiation. Both H 2 CO and CH 3 CHO contribute to this band, since desorption peaks at ∼121 K and ∼116 K were detected for the mass fragments m/z=30 (Fig. 4b ) and m/z=43 (Fig. 4d) , respectively, confirming the presence of these species in the processed ice (desorption temperatures of pure H 2 CO and CH 3 CHO ices are ∼112 K and ∼105 K, respectively, according to Noble et al., 2012; Öberg et al., 2009 ). An upper limit to the column density of H 2 CO in the ice is shown in Table 3 . Up to 45% of the initial ethanol was converted into formaldehyde at the end of the experiments. A broad band on the red side of the C=O stretching mode of carbonyl groups is due to blending with the water O-H bending mode. Other four carbon-bearing species were formed during UV photoprocessing of the pure ethanol ice. The C-H stretching and the deformation modes of CH 4 are clearly detected at 3005 cm −1 and 1302 cm −1 after 15 minutes of irradiation (see Figs. 3a and 3c, respectively). The deformation mode of C 2 H 6 is also detected at 1349 cm −1 (Fig. 3c ) after six minutes of irradiation. The presence of ethane in the ice sample was confirmed during the TPD at the end of the experiments (see Fig. 4a ). Finally, the C-O stretching band of CO is clearly detected at 2136 cm −1 , while the C-O stretching band of CO 2 molecules is observed at 2340 cm −1 (Fig. 3b) .
3.1.2. Photon-induced desorption from pure C 2 H 5 OH ice A QMS was used during UV photoprocessing of the ice samples to monitor the photon-induced desorption of the photoproducts detected in Sect. 3.1.1 using the mass fragments selected in Sect. 2. Results are shown in Fig. 5 . Photon-induced desorbing species presented a rise in the QMS ion current of their corresponding mass fragments during irradiation. As mentioned in Sect. 2, calibration of the QMS allowed us to obtain desorption yields of the photon-induced des- Fig. 3 . Evolution of the IR spectrum of the ice sample during UV photoprocessing in experiment 2 (see Table 3 orbing species from the integrated ion currents. Parameters used in Eq. 2 for the photoproducts in experiments 1 and 2 are shown in Table 4 . Proportionality constant k CO was 1.74 x 10 −10 A min ML −1 for both experiments. Photon-induced desorption yields of all photoproducts in pure ethanol ice irradiation experiments (except for CH 3 CHO and CO 2 , whose desorption, if taking place, was negligible) are presented in Table 5 for experiment 2, averaged for each irradiation period. Results were similar in experiment 1.
Evolution of the photodesorption yield with fluence is related to the two main photon-induced desorption mechanisms presented in Sect. 1. Photoproducts that are able to desorb through the process called indirect desorption induced by electronic transitions (DIET) increase their photodesorption yield (or in other words, their QMS ion current during irradiation) with fluence, since molecules previously formed and accumulated in the bulk of the ice are later available for desorption when a photon is absorbed by a nearby molecule (indirect DIET photodesorption is also included). On the other hand, photochemidesorbing-only species do not increase their photodesorption yield (or ion current) with fluence, since only molecules formed on the surface of the ice are able to desorb right after their formation, and molecules accumulated in the bulk of the ice are not able to desorb later on during irradiation. In the case of molecules able to both photochemidesorb and desorb through the DIET mechanisms, the effect of the former will be negligible compared to the latter since the number of molecules at the surface of the ice is much lower than in the bulk (see also Fillion et al., 2014) .
Photon-induced desorption of methanol was discarded since the behavior of the m/z=31 signal follows that of the m/z=45 signal, and it was therefore coming from ethanol molecules. On the other hand, ion currents of mass fragments m/z=29 and m/z=30 in Fig. 5a present rather constant rises during UV irradiation of the ice sample, suggesting photochemidesorption. As explained in Sect. 2, either formaldehyde and/or ethane molecules could be responsible for the detected mass fragments, since a similar rise is detected for the ethane mass fragment m/z=27 in Fig. 5b . This means that one out of two, or even both species could be photochemidesorbing to the gas phase during irradiation of the pure ethanol ice. Therefore, we used the integrated ion currents of Fig. 4 . TPD curves displaying the thermal desorption of photoproducts through selected mass fragments at the end of experiment 2 (see Table 3 ) in red, compared to the blank experiment with no irradiation (black). a) TPD curves of the m/z=27 mass fragment, corresponding to the C 2 H + 3 fragment of C 2 H 6 . A desorption peak at ∼75 K (dashed line) confirms the presence of ethane in the processed ethanol ice (desorption of a pure ethane ice takes place above 60 K according toÖberg et al., 2009). b) TPD curves of the m/z=30 mass fragment, corresponding to the molecular ion of H 2 CO. The desorption peaking at ∼121 K (dashed line) confirms the formation of formaldehyde during UV photoprocessing of a pure ethanol ice (see text). c) TPD curves of the m/z=31 mass fragment corresponding to the CH 3 O + fragment of CH 3 OH. Since no excess in the desorption is detected at ∼145 K compared to the blank, formation of methanol during UV photoprocessing of a pure ethanol ice is negligible. Desorption at ∼127 K (dashed line) is probably due to an earlier ethanol desorption triggered by less polar and more volatile components in the ice matrix that were not present in the blank experiment (mainly formaldehyde and acetaldehyde), since it is shared with the m/z=45 mass fragment (blue). d) TPD curves of the m/z=43 mass fragment, corresponding to the CH 3 CO + fragment of CH 3 CHO. The desorption peaking at ∼116 K (dashed line) confirms the formation of acetaldehyde during UV photoprocessing of a pure ethanol ice (see text). mass fragment m/z=30 and the parameters shown in Table 4 for both species to extract upper limits to their photon-induced desorption yields (see Table 5 ). The average photon-induced desorption yield would be of ∼6.2 x 10 −5 molecules/incident photon if the m/z=30 signal was due only to formaldehyde molecules, and of ∼1.1 x 10 −4 molecules/incident photon if only ethane molecules contributed to the signal. These values should be considered upper limits due to the possible contribution from the small rise experienced by the ion current when the UV lamp was switched on during this series of experiments (see Sect. 2). In both cases the photon-induced desorption yields remain almost constant with fluence, as expected for photochemidesorbing species. Figure 5b shows the evolution during photoprocessing of a pure ethanol ice for the mass fragments corresponding to other photoproducts detected in Sect. 3.1.1. Apart from the m/z=27 mass fragment corresponding to ethane molecules commented above, the ion current of mass fragments m/z=15 (CH
, and m/z=28 (CO + ) were found to increase from one irradiation interval to the next, indicating that the photoproduced methane, water, and carbon monoxide, respectively, are able to desorb through the DIET mechanism during irradiation of a pure ethanol ice. In the case of CH 4 , this behavior is different from the one experienced by the molecules photoproduced in a pure methanol ice, which were able to photochemidesorb but not to desorb through the DIET mechanism (Cruz-Díaz et al., in prep.).
In pure methane ice, CH 4 molecules are not able to desorb, probably because methane molecules are readily photodissociated by the VUV photons, and they cannot trigger the DIET photodesorption mechanism. Therefore, in a methanol or ethanol ice, the DIET photodesorption process of methane molecules would be triggered more likely by the absorbtion of the VUV photons by molecules of other species in the subsurface layers of the ice (indirect DIET). The different behavior in these two ice irradiation experiments indicates that the energy redistributed to methane molecules in the surface of the ice is enough to break the intermolecular bonds in the case of pure ethanol ice irradiation experiments, but not during irradiation of a pure methanol ice. This may be due to a higher intermolecular binding energy of methane molecules to their neighbors in the methanol ice irradiation experiments or, alternatively, to a higher energy redistributed by the absorbing molecules to the surface in the ethanol ice experiments.
The photodesorption yield of water and methane molecules reached a constant value after approximately 15 minutes of irradiation, of ≤2.6 x 10 −4 molecules/incident photon, and ∼3.3 x 10 −4 molecules/incident photon, respectively (see Table 5 ). The photodesorption yield of CO molecules increased with fluence (Table 5 ) during the full experiment.
UV photoprocessing of a H 2 O:CH 4 ice analog
The second series of experiments involved the UV photoprocessing of a more realistic, water-rich ice analog. A binary H 2 O:CH 4 ice analog was used in experiments 3 to 10 described in Table Table 5 . Evolution of the photon-induced desorption yields during UV irradiation of a pure C 2 H 5 OH ice. b Averaged for each irradiation period in experiment 2. Results were similar in experiment 1. Photon-induced desorption yield values could be different by a factor 2 due to the uncertainties in all the parameters of Eq. 2. c We consider these values upper limits due to possible contribution from other species to the signal of the selected mass fragment and/or from the small rise experienced by the ion currents when the UV lamp is switched on (see Sect. 2). Fig. 10) 6. The initial ice composition in this series of experiments was held, approximately, to 75% of water and 25% of methane. The irradiation time changed from one experiment to the next so that the total fluence was, approximately, one photon per initial molecule. In experiments 7 -10 we used 13 CH 4 instead of CH 4 to confirm the results found in experiments 3 -6 and to reject fake positives due to contamination. As in Sect. 3.1, we used the FTIR spectrometer to monitor the ice composition after every irradiation interval and to detect new IR features corresponding to the formation of photoproducts. The presence of these new species could be subsequently confirmed during the TPD performed at the end of the experiments when necessary. Results for the photon-induced chemistry are shown in Sect. 3.2.1. At the same time, the QMS was used during irradiation to detect the molecules desorbing into the gas phase as a consequence of the UV photoprocessing. Photon-induced desorption is studied in Sect. 3.2.2.
3.2.1. Photon-induced chemistry of a H 2 O:CH 4 ice analog Figure 6 shows the evolution of the mid-IR spectrum of the ice sample in experiment 6 between 4400 cm −1 and 910 cm −1 , and Fig. 7 shows the mid-IR spectra between 2500 cm −1 and 910 cm −1 of the ice sample in experiment 9. Results were similar for the rest of the experiments. As expected, some of the IR features are shifted in the experiments with 13 CH 4 . In particular, the C-H deformation band of CH 4 shifts from 1300 cm −1 in Fig. 6d to 1292 cm −1 in Fig. 7c . Bands of C-bearing photoproducts are also shifted in a similar way (see below).
The initial components of the ice analogs were monitored with the O-H stretching band at ∼3280 cm −1 corresponding to water molecules (Fig. 6a) , and in the C-H deformation band mentioned above corresponding to methane (Figures 6d and 7c) . The intensity of these bands gradually decrease with continuing irradiation, leading to a loss of ∼11% of initial H 2 O and ∼35% of initial CH 4 molecules at the end of experiments 3 -6 (Table  6 ). Loss of water was similar within 10% in experiments with 13 CH 4 , while loss of methane was about 40% higher, with no obvious explanation.
In this series of experiments, formation of CH 3 OH during UV photoprocessing of the ice analogs was observed, thanks to the detection of the C-O stretching band at 1016 cm −1 in Fig. 6d and at 1000 cm −1 in Fig. 7c . The column density of methanol in the ice at the end of irradiation in experiments 3 -6 accounts for ∼4% of the initial CH 4 column density (Table 6 ). Formation of methanol took place to a lower extent in experiments 7 -10. It did not reach the sensitivity limit of our FTIR in experiment 7 (see Table 6 ), but it was detected by the QMS during TPD (not shown). On the other hand, the relatively strong O-H bending band that is due to water molecules prevented us from clearly detecting the C=O stretching mode of H 2 CO in Figs. 6c and 7b . A shoulder at ∼1715 cm −1 is observed on the blue side of the O-H bending band in Fig. 6c , while a shift in the peak frequency of this band is observed in Fig. 7b . Formation of H 2 CO was confirmed during the TPD performed at the end of the experiments. A peak near the desorption temperature of pure H 2 CO (∼112 K, Noble et al., 2012) was observed for the mass fragments m/z=30, corresponding to H 2 CO + in experiments 3 -6 (Fig. 8a) , and m/z=31, corresponding to H 13 2 CO + in experiments 7 -10 ( Fig. 8b) . However, photoproduction of formaldehyde could not be quantified using the IR spectra, since its IR band was barely detected.
Photochemistry was simpler in this series of experiments. In addition to CH 3 OH and H 2 CO, only CO and CO 2 were detected Fig. 6 . Evolution of the IR spectrum of the H 2 O:CH 4 ice mixture during UV photoprocessing in experiment 6, see Table 6 . Results were similar in experiments 3 -5. a) Evolution of the O-H stretching band of H 2 O (broad band peaking at ∼3280 cm −1 ), and the C-H stretching band of CH 4 (in the red side of the former). b) Formation of CO 2 and CO leads to the appearence of two C-O stretching bands at 2342 cm −1 and 2137 cm −1 , respectively (dashed lines). Negative absorbances are due to the atmospheric correction applied by the FTIR software, but the band is due to solid CO 2 , as the peak position indicates. c) Evolution of the O-H deformation band of H 2 O. The apearance of a shoulder at ∼1710 cm −1 is probably due to the formation of H 2 CO. d) Evolution of the C-H deformation band of CH 4 at 1300 cm −1 . The new feature at 1016 cm −1 is due to the formation of methanol.
in the IR spectra. The C-O stretching mode of these molecules is observed at 2137 cm −1 and 2342 cm −1 , respectively, in Fig. 6b . The C-O stretching bands of 13 CO and 13 CO 2 are redshifted to 2092 cm −1 and 2277 cm −1 in Fig. 7a , respectively, in fair agreement with the values reported in Gerakines et al. (1995) .
Photon-induced desorption from a H 2 O:CH 4 ice analog
As in Sect. 3.1.2, the QMS allowed us to detect desorption of the photoproducts observed in Sect. 3.2.1 during irradiation of the ice analogs, monitoring the mass ion fragments selected in Sect. 2. Results are shown in Figs. 9 and 10. As explained in Sect. 2, mass fragments in experiments 7 -10 were 1 amu higher than in exp. 3 -6 because of the presence of 13 C in the molecules. Photon-induced desorption yields were calculated for experiments 7 -10 using the parameters shown in Table 7 , since experiments with isotopically labeled molecules are more reliable thanks to the lack of contamination effects. Compared to the m/z=31 fragment that corresponds to the molecular ion H 13 2 CO + , the H 13 CO + fragment (m/z=30) displayed a more intense signal with a lower noise level. Therefore, the latter was used to quantify the formaldehyde photon-induced desorption yield (the molecular ion was used in exp. 1 -2). Proportionality constant k CO varied between 1.35 x 10 −10 A min ML −1 and 1.90 x 10 −10
A min ML −1 for experiments 7 -10. Table 8 shows the photoninduced desorption yields measured in experiment 9, averaged for every irradiation interval. Results were similar in experiments 7, 8, and 10.
No clear photon-induced desorption was observed for the mass fragments m/z=31 (left panel of Fig. 9 ) and m/z=33 (left panel of Fig. 10 ) corresponding to methanol molecules in experiments 3 -6 and 7 -10, respectively. On the other hand, a constant rise was detected during irradiation in experiments 3 -6 for mass fragments m/z=29 and m/z=30 (left panel of Fig. 9 ), suggesting photochemidesorption of formaldehyde. The same behavior is observed in mass fragments m/z=30 and m/z=31 in experiments 7 -10 (left panel of Fig. 10 ). This confirms photochemidesorption of formaldehyde, since the fragments of H 13 2 CO are 1 amu higher than those of H 2 CO. Averaged photodesorption yields of H 13 2 CO in Table 8 are slightly lower than the upper limits de- Desorption of CO molecules during irradiation is detected in the righthand panel of Fig. 9 with the mass fragment m/z=28. The DIET-like behavior of the photon-induced desorption is more clearly observed with the mass fragment m/z=29 in the righthand panel of Fig. 10 . The increasing photodesorption yield of 13 CO in Table 8 is one order of magnitude lower than that found in Sect. 3.1.2. This is probably due to the much lower formation rate found for the CO molecules in this series of experiments. After a fluence of 7.2 photons cm −2 , only ∼0.5% of the initial column density had formed CO in experiments 3 -10, while the value in experiments 1 and 2 is ∼13% (see the low intensity of the C-O stretching band corresponding to CO in Figs. 6b and 7a compared to Fig. 3b) . Photon-induced desorption of CO 2 was not observed in experiments 3 -10 (not shown in Figures 9 and 10 ).
Astrophysical implications
In cold dense interstellar and circumstellar regions, molecules form ice mantles upon freeze-out onto cold dust grains. These ice mantles are mainly observed in the near-to far-IR region of the spectrum (Boogert et al., 2015, and ref. therein) . Solid H 2 O is the most abundant species observed in interstellar and circumstellar ices with an average abundance of ∼ 4 × 10 −5 relative to N H (Boogert et al., 2015) . Several other species have been confirmed to be present in ice mantles, in particular, CO, CO 2 , CH 3 OH, NH 3 and CH 4 . Solid methane has been detected with abundances ranging from 0.4% to 11% relative to water ice (Boogert et al., 2015, and ref. therein) . In the second series of experiments, we used binary H 2 O:CH 4 ice analogs with a methane abundance that is somehow higher (∼33%). More species have been tentatively identified in interstellar and circumstellar ices, some of them observed in comets. As mentioned in Sect. 1, C 2 H 5 OH has been suggested as one of the possible carriers of the 7.24 µm IR band (Schutte et al., 1999) . Schriver et al. (2007) derived an upper limit to the abundance of ethanol in interstellar ices of 1.2% relative to water ice from ISO observations. In addition, the presence of solid ethanol is needed to explain gasphase abundances in dense star-forming regions that cannot be reproduced by pure gas-phase chemical models. Pure ethanol ice samples were used for our first series of experiments.
Ice mantles can be energetically processed by cosmic rays, UV, and X-ray photons, and also thermally in regions around protostars. Energetic processing of ices leads to several effects, including photon-induced chemistry and photon-induced desorption as studied in this work. Solid-phase chemistry has been widely proposed as a possible source of molecules in the ISM. In some cases, formation in ice mantles followed by nonthermal desorption needs to be invoked to explain the observed abundances of some species in dense cores and low UV-field illuminated PDRs. This is the case of the targeted molecules of this work, CH 3 OH and H 2 CO (see Sect. 1). Photoprocessing in particular takes place in dense cores thanks to the secondary UV field generated by the interaction of H 2 molecules in the gas phase with cosmic rays, leading to a photon flux of ∼10 4 photons cm Shen et al., 2004) . On the other hand, PDRs are illuminated by nearby massive stars with a UV flux of ∼10 11 eV cm −2 s −1 for a low UV-field illuminated PDR as for the Horsehead PDR (Pety et al., 2012) . In our experiments, we used a MDHL with a photon flux of ∼2 × 10 14 photons cm −2 s −1 and an average photon energy of 8.6 eV (see Sect. 2). Therefore, the ice samples in our experimental simulations experience the same total fluence as the ice mantles during the typical lifetime of dense cores (∼3 × 10 17 photons cm −2 for a cloud lifetime of 10 6 years) after 30 minutes of irradiation. At the same time, the UV flux experienced by the ice samples in the experiments is about four orders of magnitude higher than that present in low-illuminated PDRs.
As mentioned in Sect. 1, gas-phase abundances of CH 3 OH in dense cores and PDRs where thermal desorption is inhibited cannot be reproduced by gas-phase chemical models, and solid chemistry followed by nonthermal desorption needs to be invoked. Methanol formation was not observed during irradiation of a pure ethanol ice sample, but it was formed in the H 2 O:CH 4 ice irradiation experiments, accounting for ∼1% of the total initial column density. However, photon-induced desorption of methanol was not observed in this second series of experiments, and therefore its abundance in these regions remains an open question in astrochemistry.
On the other hand, formaldehyde was formed in both series of experiments. Photochemidesorption of this species was detected with a yield of ≤6 x 10 −5 (molecules/incident photon) in the case of the pure ethanol ice experiments, and ∼4.4 x 10 −5 (molecules/incident photon) when the H 2 O:CH 4 ice analogs were photoprocessed. The latter value (more accurate, and closer to the astrophysical scenario) could be used in gas-grain chemical models, taking photon-induced desorption from dust grains and subsequent gas-phase reactions into account, in order to test whether photochemidesorption of formaldehyde as observed in this work is able to account for all the formaldehyde detected in low UV-field illuminated PDRs or if an additional source of formaldehyde is needed.
Conclusions
We have explored two UV-induced formation pathways and subsequent desorption for CH 3 OH and H 2 CO, which are two simple organic molecules that are ubiquitously detected in the ISM. Photoproduction of these species was searched for with an IR spectrometer during UV irradiation of the ice samples. Photon-induced desorption of several photoproducts was observed directly in the gas phase by means of mass spectrometry. Calibration of our QMS allowed us to quantify the photoninduced desorbing molecules and calculate desorption yields.
In a first series of experiments, a top-down approach to the formation of methanol and formaldehyde was used when studying the photodissociation of a pure ethanol ice. Seven photoproducts were detected: H 2 O, CO, CO 2 , CH 4 , C 2 H 6 , H 2 CO, and CH 3 CHO. Photon-induced desorption of four of the photoproducts was observed during photoprocessing of the ice sample. The increasing desorption yield observed for H 2 O, CO, and CH 4 suggests that the DIET mechanism was active for these species. In particular, the photon-induced desorption yield of water and methane reached constant values of ≤2.6 × 10 −4 molecules/incident photon and ∼3.3 × 10 −4 molecules/incident photon, respectively, after a fluence of 1.8 × 10 17 photons cm −2 , while that of carbon monoxide continued increasing, reaching a value of 1.5 × 10 −3 molecules/incident photon after a total fluence of 7.2 × 10 17 photons cm −2 . On the other hand, formaldehyde and/or ethane molecules were observed to photochemidesorb with a constant desorption yield of ∼6 × 10 −5 molecules/incident photon in case the QMS m/z=29 signal was only due to H 2 CO molecules. In a second series of experiments, a bottom-up approach was explored, using a more realistic water-reach ice analog containing methane. Photoprocessing of H 2 O:CH 4 ice samples with a 3:1 ratio led to a simpler photochemical network , and only four photoproducts were detected: CO, CO 2 , CH 3 OH, and H 2 CO. Only CO and H 2 CO were observed to desorb upon UV irradiation of the ice mixtures. The photon-induced desorption yield of carbon monoxide was found to increase during photoprocessing up to 4.9 × 10 −4 molecules/incident photon after a total fluence of 7.2 × 10 17 photons cm −2 , suggesting that the desorption was driven by the DIET mechanism. Photochemidesorption of formaldehyde was also detected, with a constant yield of ∼4.4 x 10 −5 molecules/incident photon. These results were confirmed using H 2 O:
13 CH 4 ice analogs. Methanol was only formed during the second series of experiments, but no significant photon-induced desorption was observed. So far, there has been no experimental evidence of an efficient nonthermal desorption mechanism that explained the gasphase methanol abundances in dense cores and low UV-field illuminated PDRs, where thermal desorption from ice mantles is inhibited, and gas-phase chemical models fail to account for all the detected methanol. On the other hand, formaldehyde was photoproduced in both series of experiments. Photochemidesorption took place with a similar yield in both cases. While gas-phase chemical models are able to reproduce the formaldehyde abundances in dense cores, formation in the solid phase and subsequent desorption to the gas phase is needed in the case of low UV-field illuminated PDRs. The photon-induced desorption yield found in this work can be used in gas-grain chemical models to test that the observed column densities of formaldehyde in low UV-field illuminated PDRs can be explained by the proposed photon-induced formation and subsequent desorption process.
